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PREFACE

Standard Reference Materials (SRM's) as defined by the
National Bureau of Standards are well-characterized materials
produced in quantity and certified for one or more physical
or chemical properties. They are used to assure the accuracy
and compatibility of measurements throughout the Nation.
SRM's are widely used as primary standards in many diverse
fields in science, industry, and technology, both within the
United States and throughout the world. They are also used
extensively in the fields of environmental and clinical anal-
ysis. In many applications, traceability of quality control
and measurement processes to the national measurement system
are carried out through the mechanism and use of SRM's. For
many of the Nation's scientists and technologists it is
therefore of more than passing interest to know the details
of the measurements made at NBS in arriving at the certified
values of the SRM's produced. An NBS series of papers, of
whieh this publication is a member, called the NBS Special
Publication - 260 Series, is reserved for this purpose.

This 260 Series is dedicated to the dissemination of
information on different phases of the preparation, measure-
ment, certification and use of NBS-SRM's. 1In general, much
more detail will be found in these papers than is generally
allowed, or desirable, in scientific journal articles. This
enables the user to assess the validity and accuracy of the
measurement processes employed, to judge the statistical
analysis, and to learn details of techniques and methods
utilized for work entailing the greatest care and accuracy.
These papers also should provide sufficient additional infor-
mation not found on the certificate so that new applications
in diverse [ields not foreseen at the time the SRM was orig-
inally issued will be sought and found.

Inquiries concerning the technical content of this paper
should be directed to the authors. Other questions concermned
with the availability, delivery, price, and so forth will
receive prompt attention from: N

Office of Standard Reference Materials
National Bureau of Standards
Washington, D.C. 20234

George A. Uriano, Chief
Office of Standard Reference Materials
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Second-Surface Mirror Standards of Spectral Specular
Reflectance [SRM's 2023, 2024, 2025]

by

Joseph C. Richmond, Jack J. Hsia, Victor R. Weidner
and David B. Wilmering

ABSTRACT

NBS was requested by the Department of Energy to prepare, calibrate
and disseminate standards of spectral specular reflectance for use in
calibrating reflectometers used to evaluate the solar specular reflec-
tance of concentrating mirrors used in solar energy systems.

The mirror chosen was a second-surface mirror of vacuum—deposited
aluminum on optically polished vitreous quartz backed up with a second
plate of ground and polished vitreous quartz cemented to the back of the
mirror. Standards were prepared in two sizes; 51 x 51 mm, and

25 x 101 mm.

The cost of developing and calibrating the standards was included
in a contract issued by the Solar Energy Research Institute of Golden,
Colorado, which is financed by the Department cf Energy.

Key Words: aluminum mirrors; directional specular reflectance;
reflectance specular; reflectance standards; second surface mirrors;
solar reflectance; specular spectral reflectance,



Introduction

The Department of Energy requested the National Bureau of Standards
to prepare, calibrate and disseminate physical standards of specular
spectral reflectance for use in calibrating reflectometers used for
evaluating the solar reflectance of collector mirrors used in concen-
trating solar energy systems. The cost of developing the standards was
included in a contract issued by the Solar Energy Research Institute of
Golden, Colorado, which is financed by the Department of Energy.

Required Properties

The properties required of the standards relate to the reflectance,
size, specularity and durability of the standards.

Reflectance refers to the value of the specular spectral reflec~
tance, the wavelength range over which it is evaluated, and the angle or
angles of incidence at which it is evaluated. The spectral range of 250
to 2500 nm was selected for several reasons. The first and most impor-
tant reason is that the NBS high-accuracy specular spectral reflectometer
covers this wavelength range. Most commercial instruments used for
specular spectral reflectance measurements are also restricted to this
wavelength range. About 98.8 percent .of the terrestrial solar irradiance
at air mass 1.5 is included in this spectral range. While there is
essentially no terrestrial solar irradiance at wavelengths shorter than
300 nm, the inclusion of data from 250 to 300 nm will make the standards
more useful in calibrating commerically available spectral reflectometers.
The reflectance of the standards should be high, on the order of 907%,
over this spectral range. Since the collector mirrors will be used at
off-normal angles of incidence of 45° or more, the reflectance of the
standards should be evaluated at angles of incidence of at least 30° and
45° from normal.

Size refers to the shape and dimensions of the standards, width,
length and thickness. While disc-shaped standards would be useful in
some cases, rectangular standards are easier to prepare, and have the
advantage of easily determined orientation in use. The normal size of
reflectance standards is about 50 mm (2 in) square. If used in an
Edwards-type sphere, the width should be no more than 38 mm (1.5 in) and
a standard with a width of 25 mm (1 in) may be easier to use. For
measuring specular reflectance at large angles of incidence with some
instruments a length of 75 mm or more is required. It was decided to
prepare standards in two sizes, 51 mm (2 in) square, aund 25 x 102 mn (1
x 4 in). There is no special requirement on thickness except that the
standard should be thick enough to resist bending and breakage, and not
too thick for easy handling. A thickness of about 6 mm (1/4 in) was
selected. There is also a requirement that the front and back surfaces
of the standard be parallel since the alignment of a sample is deter-
mined by contact of the front surface with aligning points in some
instruments, and by contact of the back surface in others.



Specularity may be defined as the ratio of the specular reflectance
to the hemispherical reflectance. Ideally, this ratio should be one
with none of the incident flex reflected in directions other than the
specular direction. This cannot be attained experimentally, but it has
been closely approached by these standards, as will be discussed later.

Durability refers to the ability of the standard to retain its
calibration value indefinitely. The three mechanisms that cause the
reflectance of the standard to change with time are 1) physical damage,
primarily abrasion, 2) chemical corrosion such as oxidiation or tarnish,
and 3) surface contamination. The standard should have a hard surface
to resist abrasion, be chemically inert or suitably protected to resist
chemical corrosion, and easily cleanable to permit surface contamination
to be removed and the initial reflectance restored.

Mirror Types and Materials

Specular reflectors of high reflectance are almost always optically
emooth metallic surfaces. Such surfaces can be prepared by optically
polishing massive metal, or by vacuum deposition or sputtering of a thin
opaque layer of metal on a polished substrate.

Mirrors are of two types, first surface and second surface. 1In a
first-surface mirror the metal surface is directly exposed to the
atmosphere, so that the incident rays hit the metal directly. 1In a
second-surface mirror the metal surface has a protective layer between
it and the atmosphere. This protective layer may be a thin sheet of
optically polished transparent material, such as glass, to which a thin
film of the reflecting metal is applied, or a thin film of metal applied
to an opaque substrate and covered with a second layer of a protective
transparent material. In a second-surface mirror the incident rays pass
through the protective layer before and after reflection. The trans-
mitting layer, called the superstrate, can be designed to have good
resistance to abrasion, to be impermeable to protect the metal against
chemical corrosion, and casily cleanable so that surface contamination
can be removed withcut affecting the reflecting layer. In addition,
most heliostat mirrors are second surface mirrors, and can be best
simulated by a second surface mirror standard. For these reasons, a
second-surface mirror was selected for use as the standard.

Three metals have reasonably high reflectance in the solar range,
aluminum, rhodium and silver. Both aluminum and silver are soft, and
not very resistant to abrasion. Rhodium is much harder and more re-
sistant to abrasion. It would be the best of the three metals for a
first-surface mirror, since it is also chemically inert. Its reflec-
tance is low compared to that of silver and aluminum. This, combined
with its high cost and the difficulty in obtaining good adhesion of a
vacuum-deposited layer to a polished substrate make it unsuitable for
use as a second surface mirror standard. Previous experience at NBS



indicates that it is difficult to produce first surface rhodium mirrors

with uniform reflectance over the surface of a single 50 x 50 mm sample.
Both aluminum and silver are suitable for use as the reflecting layer in
a second-surface mirror.

A large majority of the concentrating mirrors used in solar energy
systems consist of wet chemical reduction silver on glass. While the
wet chemical reduction process has a long history of use in the manu-
facture of mirrors, the application process is still something of an
art. The detailed chemistry of the reduction process, and particularly
the factors that must be controlled and the specific conditioms required
to produce a high-reflectance adherent coating on glass are not known
with sufficient accuracy to assure reliable production of such flims.
In addition, the reflectance of silver, while very high at wavelengths
above about 500 nm, drops abruptly below 400 nm to a value near zero at
about 320 nm.

Aluminum is used for some first surface concentrating mirrors, in
the form of polished metal, either sheet or foil, and as a vacuum
deposited film on a plastic substrate. The reflectance of aluminum is
only slightly lower than that of silver at wavelengths longer than about
1000 nm, and is much higher than that of silver at wavelengths below 400
nm. There is a broad shallow absorption peak at about 825 nm, where the
reflectance drops below 90%Z. Aluminum is easily applied by vacuum
deposition, and adheres readily to most substrates. The factors affect-
ing the deposition process are well known, and can be easily controlled.
For these reasons aluminum was selected as the reflecting layer of the
second surface mirror standards.

Optical quality polished vitreous quartz is significantly harder
than glass, and hence more resistant to abrasion. It has high trans-
mittance over a wider wavelength range than glass, particularly in the
ultraviolet. Because of its hardness, it is easier to produce an optical
polish on fused quartz than on glass. Typical values of rms roughness
of optically polished materials are listed in [1l] as 4.1 nm for flint
glass, 1.8 nm for plate glass, 1.4 nm for Pyrex glass, 0.96 nm for fused
quartz and 0.27 nm for bowl polished fused quartz.

The reflectance of a surface for normal incidence is reported in
[1] to be related to the rms roughness, 0, and rms slope, m, by the
equation ‘

25'n4
2
m

R - R_.exp [=C4-m-0) 2 /02T + R - @ eyl (1)

s

where Rs is the reflectance of a sample measured for normal incidence
with an” instrument of acceptance angle A8. When 0<<A, the second term
becomes negligible, and may be omitted. The first term is for the
reduction in specular reflectance due to diffraction, and the second
term is the loss due to diffusely reflected light.
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Vacuum Deposited Aluminum

Hass [2] reports "It is well known that the optical properties of
all evaporated films are strongly influenced by many factors, such as
speed of deposition, pressure during the evaporation, thickness of the
coating, temperature of the substrate, and aging in air."

Vacuum deposited aluminum is highly reactive, and oxidizes on
exposure to air. The oxide forms a transparent tightly adherent layer
of low permeability to oxygen, which protects the aluminum against
further oxidation. This oxide layer accounts for the excellent resis-
tance of aluminum to atmospheric corrosion. The rate at which the
aluminum oxidizes, the thickness of the ecoating eventually formed, and
the time required to reach the maximum thickness are strongly influenced
by the purity of the aluminum, its compactness, the pressure (vacuum)
during evaporation, the speed of evaporation, and conditions, such as
temperature and humidity, during aging. Hass [3] desggibes a method of
applying pure (99.99%) aluminum in a vacuum of 1 x 10 ~ torr at a deposition
rate of 50 nm per second. A shutter in front of the samples protects
substrates against contamination during outgassing of the evaporation
sources and their charges. The shutter is opened when the evaporation
reaches constant speed, and is closed when a film of the desired thick-
ness is obtained. This method was used by Bennett et al [4] for the
preparation of samples for the evaluation of the reflectance of aluminum.
They found that films prepared by this procedure had higher reflectances
than those,prepared in the optics shop at their facility, where a vacuum
of 1 x 10 © torr was used, and where deposition rates were on the order
of 5 nm per second. The main differences in the reflectances occurred
in the ultraviolet and visible portions of the spectrum. Hass [3] shows
graphs of the effect of pressure and deposition time on the reflectance
of aged vacuum deposited aluminum.

Earlier work at NBS, about 1968-1971, showed that the ultraviolet
reflectance of first-surface mirrors of vacuum deposited aluminum,
prepared for NBS by a commercial coating laboratory, continued to
decrease over a period of over one year. The samples were allowed to
age for over two years, in order to be sure that the reflectance had
reached a stable value, before calibration as specular spectral reflec-
tance standards.

Bennett et al.,[5] prepared vacuum deposited films of aluminum at a
pressurc of 1 x 10~ torr, and found that the reflectance of thesec
films measured in an atmosphere of dry nitrogen, was about lzshigher
than that of aged samples coated in a vacuum of about 1 x 10 torr.

A brief search of the literature for data on the stability of the
reflectance of second-surface mirrors of vacuum-deposited aluminum
proved fruitless. From the known properties of aluminum it is believed
that the second-surface mirrors will be highly stable in reflectance.
The aluminum was deposited by the procedure described by Hass [3], and
hence the aluminum at the quartz-aluminum interface should be free from
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contamination due to the evaporation process. This interface is
protected against oxidation by the optical quality vitreous quartz

on the front, and by five, and perhaps six, separate layers on the back.
The aluminum was deposited to a thickness of about 150 nm, about three
times the thickness required for an opaque coating. A protective

layer of silicon monoxide was deposited on top of the aluminum before it
was removed from the vacuum chamber, followed by a second coat of
aluminum and a second coat of silicon monoxide. If any oxygen penetrated
the silicon monoxide coating, it immediately formed a layer of

aluminum oxide beneath the silicon monoxide. A backing plate of
vitreous quartz was cemented to the back of the aluminum coating, on

top of the second silicon monoxide layer.

Manufacture of Standards

The standards were manufactured in the NBS Optical Shop. The top
plate, to which the reflective coating of aluminum was later applied,
was of optical quality vitreous quartz, ground to a thickness of 2 mm,
and polished on both sides. A bowl polishing technique was used, which
produced an AA roughness of about 0.7 nm. The two sides of each plate
were flat to within one fringe and parallel to within 0.01 mm.

The preparation of the standards was supervised by Edward P. Muth,
Chief of the NBS Optical Shop. Grinding and polishing of the plates
and cementing of the mirrors was done by John E. Fuller, and the coating
was done by David B. Wilmering.

The base plate was similarly of vitreous quartz, ground to a thick-
ness of 3.7 mm, with a fine ground finish on one side and an optical
polish on the other.

The plates, both top and base, were thoroughly cleaned before
coating. The cleaning procedure consisted of 1) hand scrubbing with a
warm solution of detergent, followed by a rinse in warm tap water, 2) a
rinse with distilled water immediately following the tap water rinse, 3)
degreasing in an alcohol degreaser, in which the surface was rinsed with
freshly distilled alcohol, 4) a light scrub with absorbent cotton and CP
acetone, followed by an acetone rinse. The plates were then subjected
to a critical visual inspection, and those showing any sign of a
residual deposit were recleaned. The first operation in the coating
chamber consisted of a corona discharge cleaning, which was the final
cleaning.

The coating chamber has a shutter that completely covers the plates
during evacuation and the first stage of evaporation of aluminum. The
deposition of aluminum was started with the shutter closed. After the
chamber was completely filled with aluminum vapor, the shutter was
opened, and a layer of high-purity aluminum was applied to a thickness
of 150 nm in a period of about 5 seconds. The thickness of the aluminum

coating was monitored during application with a quartz crystal thickness



gage. An overcoating of a half wavelength of silicon monoxide was
applied over the aluminum before the vacuum was broken. The silicon
monoxide coating inhibits oxidation of the aluminum when exposed to air.

Careful visual examination of the first few mirrors prepared by the
above procedure revealed the presence of a few scattered pinholes in the
aluminum coating that were readily visible when the mirror was held up
to the sun or a strong light. The reflectance of areas of the same
mirror with and without pinholes was measured with a reflectometer with
an uncertainty of 0.002 in reflectance, but no difference could be
detected. Measurements of the transmittance of an area containing
pinholes were made with equipment that can measure transmittance of
0.001, but no transmittance was detected. On the basls of the above
measurements the pinholes were considered to be a cosmetic defect.
However, the aluminum coating was removed and the mirrors were recoated
following a modified procedure.

The modified procedure included the application of a first coat of
aluminum and silicon monoxide as described above, followed by second
coatings of aluminum and silicon monoxide, applied without breaking the
vacuum. In addition, a single similar coat of aluminum and silicon
monoxide was applied to the polished face of the backing plate.

The coated sides of the two plates were cemented together with an
epoxy optical cement, in a jig that held the two sides of the finished
standard parallel to about (.01 mm.

The complete standard is about 5.8 mm thick, with a highly polished
surface that is easily cleaned on the front (reflecting) surface, and a
fine ground finish on the back, so that the calibrated surface can be
easily identified. The flat standards were made in sizes of 51 x 51
mm, and 25 x 101 mm, and are designated as SRM's 2023 and 2024
respectively.

A few samples in the 25 x 101 mm size were prepared with both top
and bottom plates tapered with an included plane angle of 10 mrad.
These samples were also cemented by use of a jig, to keep the top and
bottom surfaces of the finished mirror parallel to 0.0l mm. The
reflected beams from the vitreous quartz first surface and the
aluminum second surface thus diverge by about 20 mrad, and can be
separately distinguished and measured if there is sufficient distance
between the mirror and the detector.

The specular reflectance of an uncoated top plate was measured with
the NBS high accuracy specular reflectometer, at an angle of incidence
of 6° from normal. The total reflectance of each tapered mirror at
an angle of incidence of 6° from normal was measured on the high-
precision integrating sphere reflectometer. The values for these two
measured reflectances, and the values of reflectance for the reflected
beams from the vitreous quartz first surface and the aluminum second



surface, computed from the measured values, will be supplied with the
tapered mirrors, which are available for sale as SRM 2025.

Calibration of the Master Standards

Calibr;tion of the two master standards was accomplished by measure-
me?ts‘on the NBS Reference Specular Reflectometer-Spectrophotometer [6].
This instrument measures specular reflectance by absolute techniques.

?he.measurements are made as a function of wavelength, angle of
incidence, and polarization.

In calibrating the master second surface mirrors, the instrument
was operated with a spectral pass band of 10 nm. The collimated incident
beam had a cross section of 18 mm x 12 mm at the sample. The incident
beam was polarized either parallel or normal to the plane of incidence.
The sample or test mirror was mounted on a turntable. The surface of the
mirror and the axis of rotation of the turntable occupied a common
vertical plane, thus making it possible to vary the angle of incidence.

A complete description of these measurement procedures and a more
detailed explanation of thec mechanics of the specular reflectometer is
given in the accompanying reprint documenting that instrument.

The calibration of the master mirrors was made at 50 nm intervals
from 250 to 900 nm, at 100 nm intervals from 900 to 1300 nm, at 250 nm
intervals from 1500 to 2500 nm, and at the laser wavelengths 632.8 and
1060 nm. The total time required to complete these calibrations was
approximately 25 hours of instrument running time per mirror. The
measurements were made at each wavelength for both vertically (S) and
horizonally (P) polarized incident beams and at three angles of incidence.
The measurements were repeated six times for each of these conditionms.
Three of the six measurements were made with the angles of incidence set
by rotating the mirror clockwise from the normal, and the other three
measurements were made with the angles of incidence set by rotating the
mirror counterclockwise from the normal. The final reflectance value is
an average of these six measured values for a given polarization, angle
of incidence, and wavelength setting.

The overall uncertainties in the calibration of the master standards
are believed to be on the order of +0.2%. This uncertainty is based on
an analysis of the known uncertainties in the performance of the Ref-
erence Spectrophotometer [7] and the specular reflectometer.

Calibration of the Standard Reference Material
2023 and 2024 Second Surface Mirrors

Because of the time required to calibrate a mirror on the Reference
Specular Reflectometer-Spectrophotometer and the cost of such cali-
brations it was necessary to resort to less time consuming techniques in
order to transfer the absolute reflectance scale from the master mirror
‘to the remainder of the second surface mirrors that would eventually be



issued as Standard Reference Materials. The calibration of these
mirrors was accomplished by direct comparison of each mirror with the
master mirror at each of the 25 wavelengths for which the master
-mirror was previously calibrated. This comparison was made on a
commercial spectrophotometer equipped with an integrating sphere
reflectometer. The comparison was made for 6° incidence only, because
of the fixed geometry -of the commerical reflectometer. The absolute
reflectance for 6° incidence of each of the Standard Reference
Material mirrors was obtained directly by setting the photometric scale
of the spectrophotometer with the master mirror so that the recorder
reading matched the corresponding absolute reflectance value of the
master mirror at a given wavelength setting. The master was then re-
Placed by a test mirror and the recorded value of its reflectance was
read directly from the photometric scale. The direct reading obtained
by this procedure required no further corrections. The master mirror
reflectance was checked before and after measuring cach test mirror in
order to detect any drifting of the photometric scale.

Calibration of Wedge Standards

The specular spectral reflectance of a master second-surface mirror
was measured at 25 wavelengths with the NBS high-accuracy specular
spectral reflectometer at 6° incidence. The first surface reflectance,
p., of an uncoated cover plate was also measured with the same instrument
a% 6° incidence, with a receptor that received only the beam reflected
- from the first surface. The 6°-hemispherical reflectance of each wedge
standard was compared to that of the master standard at the same 25
wavelengths with a high-precision integrating sphere reflectometer. The
- measured reflectance ratio was multiplied by the known reflectance of
the standard at each wavelength to obtain the pt spectral data reported
in Table 1.

All of the cover plates were cut from a single piece of optical
quality vitreous quartz and had identical polishing treatment. It is
assummed that the reflectance of the first surface of the cover plates
is the same as that of the measured uncoated cover plate, within the
uncertainty of the measured value.

Since the cover plate is a wedge with an included plane angle of 10
mrad, it acts as a prism of low dispersing power. The index of refrac-
tion of the cover plate, at each wavelength, was computed from the
measured first surface reflectance by use of the equation for reflectance
at normal incidence,

2
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The solution for index of refraction, n, as a function of Pn is

1+ o
n:—-—-——g— . (3)

l—"QN

The reflectance of vitreous quartzat 6° incidence is higher than
that at normal incidence by less than 0.000005, hence the error
introduced by using equation (3) is considered negligibly small. The
indices of refraction for the 25 wavelengths at which reflectance
measurements were made are given in Table 2.

The angles of reflection for the first four beams refliected from
each standard were computed for each wavelength from the index of
refraction. The plane of incidence is taken as a plane ndrmal to
the surface and parallel to the long sides of the standard. All angles
toward the thin end of the wedge are negative, and those toward the
thick end are positive.

The direction 8, of the first beam, with reflectance p,, is 6°
since there is no refraction. The portion (1-p.) of the inCident beam
that penetrates the cover plate is refracted at angle 92

92 = sin-l[sin Glln] (4)

where 8, is -6° (there is a sign change on reflection or refraction) and
is incident on the second surface at an angle of -(8_+ua) where @ is the

included plane angle of the wedge. The beam is reflected at the second

surface and is incident on the first surface at an angle of -(6,+2a).

The emergent beam, with reflectance pz, will be refracted at angle 83
63 = Sin_l; n sin [2a + sin ~(sin Sl/n)]i . (5)

In like manner the beam, with reflectance p,, that is internally
reflected by the first surface and reflecteg a second time by the second
surface will be refracted at an angle 84.

64 = sin—l gn sin [4a + sin_l(sin el/n)]% R | (6)

and the beam with reflectance p, reflected internally twice by the first
surface and three times by the second surface will be 85

65 = Sin-l 3n sin [6a + sin'l(sin el/n)]i . (7

i1



Essentially all of the flux reflected from a wedge standard is
contained in the first four reflected beams. The directions, in degrees
from normal for the first four beams reflected by a wedge standard from
a collimated beam incident at -6° are given in Table 2.

Note that the angle of reflection is a function of both the wedge
effect of the cover plate and its dispersion. The wedge effect is
independent of wavelength. The dispersion angle changes with wavelength
because the index of refraction of the cover plate changes with wave-
length. If the wedge standards are used to calibrate a specular spec-—
tral reflectometer at different wavelengths, using beam 2 reflected once
from the second-surface aluminum coating, the dispersion effect may make
it necessary or desirable to shift the optical path slightly when
changing wavelength. If spectrally total reflectance measurements are
made, there will be a slight spread (about 0.1° for beam 2, 0.2° for
beam 3 and about 0.35° for beam 4) in the reflected beam, due to the
dispersion of the cover plate, and a slightly larger detector may he
required for spectrally total measurements than for spectral measurement

The total -specular reflectance, Pp» of a wedge standard can be
closely approximated in terms of the reflectance, p,, of the first
surface, the transmittance, T, (= 1 - p,) of the first surface, and the
internal reflectance ps of thé second surface, as the infinite series

2 2 2 2. 2.3 2, 3.4

=0 ¥ T1 P + Tl *P17Pq + Ty Py Py + Ty Py P T ®)

Pe

Rearranging and collecting terms, we set

2 i N2 .13 N
(o, = p)py = T, [py P, + (0y°0.) (Pyop )™ + (pyp) - =1, (9)
TZ’p
1 S
(o, = py) =377 . (19)
t 1 lpl ps
Solving for ps,
_ 2 o a2
Py =Py = pS[Tl +tpotemel
(11)
p.~-p :
oS— t l .

2 2
Ty T PPPy

The reflectances, p,, for the beam reflected once from the second
surface, p, for the beam reflected twice from the second surface, and 04
for the beam reflected three times from the second surface, can be
computed from the measured values of pt and pi as
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- . ‘ 2
Pp = T1 *Pg (12)
2 2
P3 = Ty "Pg "P1 (13)
2 3 2
Py = Ty "Pg Py (18

The cowmputed values for p ’ , and P, of a typical wedge standard
are given in Table 3, together w1t% the measured values of p and 9
and the sum of p R p . and p It is interesting to note that tée
sum of the reflectances %or the four beams is less than the measured p
by about U.00003 reflectance units which provides an internal check of
the validity of the computations, and also shows that the fraction of
the reflected flux in all beams beyond the fourth is negligibly small.

Equations 8 through 14 are derived on the basis of two assumptions;
1) that there is no internal absorption in the vitreous silica, and 2)
that the values of Tys Py and p_ are independent of the angle of in-
cidence over the rangZe of angles of incidence involved. There is some
slight absorption in the vitreous silica at 250 nm, and at this wave-
length the absorptance appears in the computed value of P> which is the
product of the true ps and the square of the transmittance of the
vitreous silica. For the thin layer of vitreous silica involved, the
internal absorptance at wavelengths from 300 to 2500 nm is negligibly
small. The reflectances p, and p are essentially independent of the
angle of incidence for angies of Incidence of up to 15° from the normal
to the surface. The reflectance for a material with index of refraction
of 1.5 is 0.040000 at normal incidence, and 0.04000198 at 15° incidence.
The fractrional error due to the assumption that the reflectance is
independent of the angle of incidence is thus 0.0000495 at 6° incidence,
and 0.002019 at 15°, which is well within the uncertainty of the measured
values.

Uncertainties

At some wavelengths, the instrument noise of the commercial spec-

- trophotometer was slightly greater than *0.2%. Therefore the final
uncertainty for the Staundard Reference Material mirrors (che sum of the
uncertainty for the master standard and that for the measured mirror)
was increased to *0.5%. This uncertainty is larger than the #0.2%
assigned to the master through the more accurate determinations made on
the Reference Specular Reflectometer. However, the uncertainty of *0.5%
is probably realistic for the Standard Reference Material mirrors.
Uncertainties less than #0.5% cannot be guaranteed without careful
absolute techniques.
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An every-day working standard can be calibrated relative to the
Standard Reference Material mirror by the user for situations in which
the standard must be handled often. This will help to preserve the
Standard Reference Material mirror for periodic control of the measure-
ment process.

Cleaning

It is recommended that the Standard Reference Material mirror be
cleaned with isopropyl alcohol followed by a rinse with distilled
water.

The Certificates of Calibration

The second-surface aluminum mirrors in which the reflecting surface
is parallel to the front surface have been designated Standard Reference
Materials 2023 and 2024. A copy of the certificate is included here
for general information. The spectral specular reflectance of the
mirrars in the wavelength range 250 to 2500 nm is shown in the graph on
page 2. The wavelength scale is greatly compressed and the photometric
scale expanded in this graph, hence the absorption feature at approxi-
mately 800 nm is emphasized. The small absorption features near 1400
and 2000 nm are absorption features of the vitreous-quartz plate that
protects the aluminum coating. The data in Table 1 of the certificate
are valid for 6° incidence only. However, they are useful for other
angles of incidence near normal for essentially unpolarized sources.

The data given in Table 2 of the certificate are uncertified but re-
present a typical second-surface aluminum mirror. They show that

the reflectance of the mirrors for the unpolarized incident beam does
not vary significantly for angles of incidence up to 45°. The variation
in reflectance with angle of incidence may be significant for polarized
incident beams depending on the wavelength.

The wedge mirrors, in which the reflecting surface is at an angle
of 10 mrad to the front surface in a direction parallel to the long
dimension, have been designated Standard Reference Material 2025. A
copy of the certificate for these standards is also imcluded for general
information. The measured values of p,, the specular spectral re-
flectance of the first surface of the optically-polished vitreous
quartz cover plate, and p_, the total specular spectral reflectance for
all beams, are certified. The computed values for the reflectances of
the first three beams reflected from the aluminum surface, and the
directions for these beams, are not certified.
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~ National Burean of Standards

ertificate
Standard Reference Material 2023

Second Surface Aluminum Mirror

dard

for Specular Reflectance from

250 to 2500 nm

V. R. Weidner and J. J. Hsia

This Standard Reference Material (SRM) is intended for use in calibrating the photometric scale of specular refiecto-
meters, SRM 2023 is 5.1 x 5.1 cmin size. The aluminum mirror is vacuum deposited on the surface of 2 2-mm thick fused-
quartz plate This mirror is protected by a second fused-quartz plate attached to the first plate with epoxy cement.

The specular reflectance of the mirror was measured at 50-nm intervals from 250 nm to 900 nm, at 100-nm intervals from
900 nm to 1300 nm; and at 250-nm intervals from 1500 nm to 2500 nm. In addition to these wavelengths, the reflectance
was also measured at the laser wavelengths 632.8 nm and 1060 nm.

The certified values were determined in the following way: The reflectance of a master mirror was measured at the above
specified wavelengths with a highly accurate specular reflectometer-spectrophotometer at angles of incidence of 6°, 30°,
and 45°. These measurements were made for both vertically and horizontally polarized incident beams. The overall
uncertainty of these measurements is 0.2 percent. The specular reflectance of the SRM second surface mirror was
measured relative to the master mirror on a high-precision reflectometer for 6° incidence only. The certified values of
specular reflectance for the SRM mirror is based on the average value of the vertical and horizontal polarizations for the
master mirror at 6° incidence. The certified values listed in Table I are assigned an uncertainty of +0.005. The uncertified
data listed in Table 2 indicate the variation in the specular reflectance of a typical second surface SRM mirror as a
function of angle of incidence and plane of polarization. Figure 1 shows the spectral distribution of a typical second
surface aluminum mirror. The wavelength scale of this plot is greatly compressed and the reflectance scale expanded to
emphasize the absorption features. Note that the absorption band at 800 nm is an inherent characteristic of aluminum
mirrors. The small absorption bands near 1400 nm and 2200 nm are absorption features of the fused-quartz plate that
protects the aluminum coating.

SRM 2023 can be cleaned by wiping the quartz first surface of the mirror with a soft tissue and isopropyl alcohol followed
by a rinse with distilled water.

The research and development of this SRM was supported by the DoE Solar Thermal Program through the Solar
Energy Research Institute. The calibration and certification were done by the Spectrophotometry Group of the
Radiometric Physics Division. The overall direction and coordination of the preparation and technical measurements
leading to the certification were performed under the chairmanship of J. C. Richmond.

. The technical and support aspects involved in the certification and issuance of this SRM were coordinated through the
Office of Standard Reference Materials by R. XK. Kirby.

Washington, D.C. 20234 George A. Uriano, Chief
April 16, 1981 {over) Office of Standard Reference Materials
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Table 1

Second Surface Mirror No. _12/

Wavelength

(nm

250
300
350
400
450

500
550
600
632,8
650

709
750
800
850
900

1000
13060
1100
1200
1300

1500
1750
2002
2250
2500

(6° Incidence)

Reflectance

0.895
<891
892
893
.887

884,
.878
874,
567
263

852
833
.805
800
. 81’,6)

LOL0
. 924,
«332
. Q/b:‘-
L6

.a52
0955
953
270
867
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Table 2

The spectral reflectance of a typical second surface mirror as a function of wavelength, angle of incidence, and
polarization.

(These values are not certified)

Wavelength and Parallel(p) Perpendicular(s) Unpolarized
Angle of Incidence Polarized Polarized (Ordinary)
250 nm '
6° 0.881 0.882 0.8815
30° 872 .886 .879
45° .862 .889 .8755
300 nm
6° .897 .897 .897
30° .889 .902 .8955
45° .880 .908 _ .894
400 nm
6° .895 .896 .8955
30° .888 902 .895
45° -.880 .908 .8%94
600 nm
6° 874 876 .875
30° .868 .884 .876
45° .858 .892 .875
800 nm
6° .808 810 .809
30° 797 820 .8085
45° .782 .833 .8075
1000 nm
6° 910 911 9105
30° .908 918 913
43° .902 924 913
1500 nm )
6° .952 953 . 9525
30° 953 .958 .9555
45° 951 ) .962 9565
2000 nm
6° .954 955 9545
30° .956 961 .9585
45° .955 .964 9595
2500 nm
6° 920 918 919
30° 921 929 925
45° 918 927 9225
SRM 2023
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2t National Burean of Standards

Aertificate
Standard Reference Material 2024

Second Surface Aluminum Mirror

for Specular Reflectance from

250 to 2500 nm

Y. R. Weidner and J. J. Hsia

his Standard Reference Material (SRM) is intended for use in calibrating the photometric scale of specular reflecto-
reters. SRM 2024 is 2.5 x 10.1 em in size. Tha aluminum mirror is vacuum deposited on the surface of a 2-mmthick

ised-quartz plate. This mirror is protected by a second fused-quartz plate attached to the first plate with epoxy cement.

he specular reflectance of the mirror was measured at 50-nm intervals from 250 nm to 900 nm, at 100-nm intervals from
00 nm to 1300 nm; and at 250-nm intervals from 1500 nm to 2500 nm. In addition to these wavelengths, the reflectance
as also measured at the laser wavelengths 632.8 nm and 1060 nm.

he certified values were determined in the following way: The reflectance of a master mirror was measured at theabove
recified wavelengths with a highly accurate specular reflectometer-spectrophotometer at angles of incidence of 6°, 30°,
1d 45°. These measurements were made for both vertically and horizontally polarized incident beams. The overall
acertainty of these measurements is +0.2 percent. The specular reflectance of the SRM second surface mirror was
easured relative to the master mirror on a high-precision reflectometer for 6° incidence only. The certified values of
iecular reflectance for the SRM mirror is based on the average value of the vertical and horizontal polarizations for the
aster mirror at 6° incidence. The certified values listed in Table 1 are assigned an uncertainty of +0.00S. The uncertified
ita listed in Table 2 indicate the variation in the specular reflectance of a typical second surface SRM mirror as a
nction of angle of incidence and plane of polarization. Figure | shows the spectral distribution of a typical second
rface aluminum mirror. The wavelength scale of this plot is greatly compressed and the reflectance scale expanded to
nphasize the absorption features. Note that the absorption band at 800 nm is an inherent characteristic of aluminum

irrors. The small absorption bands near 1400 nm and 2200 nm are absorption features of the fused-quartz plate that
'otects the aluminum coating.

M 2024 can be cleaned by wiping the quartz first surface of the mirror with a soft tissue and isopropyl alcohol followed
* a rinse with distilled water. ‘

1¢ research and development of this SRM was supported by the DoE Solar Thermal Program through the Solar
1ergy Research Institute. The calibration and certification were done by the Spectrophotometry Group of the
adiometric Physics Division. The overall direction and coordination of the preparation and technical measurements
uding to the certification were performed under the chairmanship of J. C. Richmond.

1¢ technical and support aspects involved in the certification and issuance of this SRM were coordinated through the

fice of Standard Reference Materials by R. K. Kirby.

ashington, D.C. 20234 George A. Uriano, Chief
oril 16, 1981 (over) A Office of Standard Reference Materials
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Second Surface Mirror

Wavelength
nm\

250
300
350
400
£50

500
550
600
€32,8
650

73
759
800
850
G023

1030
1260
1100
1200

1330

[®]

OIS I

N O -~ \n
[S AT, e R
QOO0

N
(S, 1

Table 1

No. _Da
(6° Incicdence)

Reflectance

0,880
RivA
894
.893
. B89

885
.879
L8773
<360
65

.

Fagpeci
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x

% At
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N

52
L0585
CA54
oSQ‘;
911
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Table 2

The spectral reflectance of a typical second surface mirror as a function of wavelength, angle of incidence, and
polarization.

(These values are not certified)

Wavelength and Parallel(p) Perpendicular(s) Unpolarized
‘Angle of Incidence Polarized Polarized (Ordinary)
250 nm
6 0.881 0.882 0.8815
30° .872 .886 .879
45° .862 .889 8755
300 nm
6° .897 .897 .897
30° .889 .902 8955
45° .880 .908 .894
400 nm
6° .895 .896 .8955
30° ' .288 .902 : .895
45° .880 508 .894
600 nm
6° .874 .876 .875
30° .268 .884 .876
45° .858 .892 .875
800 nm
&° 808 810 209
30° .797 .820 .8085
45° 782 .833 .8075
- !m nm
6° 910 911 9105
30° .908 918 913
45° 902 924 913
1500 nm
6° .952 .953 9525
30° .953 .958 .9555
45° -.951 .962 9565
2000 nm
6° .954 .955 9545
30° .956 .961 9585
45° 955 964 .9595
2500 nm
6° .920 918 919
30° 921 .929 925
45° 918 927 .9225
24
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(ertificate
Standard Reference Material 2025

Second Surface Aluminum Mirror with Wedge

for Specular Reflectance from
250 to 2500 nm

V.R. Weidner and J.J. Hsia

This Standard Reference Material (SR M) is intended for use in calibrating the photometric scale of specular reflecto-
neters. The aluminum mirror has been vacuum deposited on the back surface of a 2-mm thick optical quality vitrcous
juartz plate that has a wedge of 10 mrad (0.573°) between its long faces. This mirror is,protected by a second vitreous

juartz plate with a similar wedge that is cemented to the first plate in such a way that the front and back surfaces of the
nirror are parallel to 10 um. ’

Nhen a collimated beam is incident to the first surface at —6°, beams are reflected at 6°, ~7.6°, ~9.3°, ~11.0°, etc.
issentially all-of the reflected flux is contained in the first four beams. The angle of reflection is a function of both the
vedge angle and its dispersion (which is a function of wavelength). Calibration of photometers can be accomplished by

ising any of the individual beams or by using the total reflectance. Only the first reflected beam and the total reflectance,
lowever, are certified.

“he specular spectral reflectance of a master second-surface mirror was measured at 25 wavelengths with a high-accuracy
pecular spectral reflectometer at 6° incidence. The first surface reflectance, pi1, of an uncoated plate was also measured
vith the same instrument at 6° incidence, with a detector that received only the beam reflected from the first surface. As
he platc that was used for this SRM was cut from the same piece of optical quality vitreous quartz (and had identical
iolishing treatment) as the uncoated plate, it is assumed that the reflectance from the first surface is the same, within the
ncertainty of the certified value. The 6°-hemispherical reflectance of this SRM was compared to that of the master
tandard at the same 25 wavelenghts with a high-precision integrating sphere reflectometer. The measured reflectance
atio was multiplied by the known reflectance of the standard at each wavelength to obtain the p, spectral data reported in
‘able 1. The overall uncertainty of these measurements is * 0.5 percent.

‘he Figure shows the spectral distribution of a typical second surface aluminum mirror. The wavelength scale of this plot
i greatly compressed and the reflectance scale expanded to emphasize the absorption features. Note that the absorption
and at 800 nm is an inherent characteristic of aluminum mirrors.

RM 2025 can be cleaned by wiping the quartz first surface of the mirror with a soft tissue and isopropyl alcohol
sllowed by a rinse with distilled water.

‘he calibration and certification were done by the Spectrophotometry Group of the Radiometric Physics Division. The
verall direction and coordination of the preparation and technical measurements leading to the certification were -
erformed under the chairmanship of J.C. Richmond.

he technical and support aspects involved in the certification and issuance of this SRM were coordinated through the
ffice of Standard Reference Materials by R.K. Kirby.

/ashington, D.C. 20234 George A. Uriano, Chief
ebruary 23, 1982 Office of Standard Reference Materials
(over)
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e errmeeevas v s praie, @cvavi waveIcigLL, was computed irom the measured first surface reflectance by use
of the equation for reflectance at normal incidence,

I—n
P i+n

These values are given in Table 2.

The angles of reflection for the first four beams reflected from the SRM were computed for each wavelength from the
index of refraction. The plane of incidence is taken as a plane normal to the surface and parallel to the long sides of the

mirror. All angles between normal and the thin end of the wedge are negative, and those between normal and the thick
cnd arc positive,

The direction #; of the first beam, with reflectance pi, is 6° since there is no refraction. The directions of the other three
beams are:;

6> = sin”! {n sin[2a + sin”' (—%—sin 6°)]}
63 =sin”' ’n sin[4a + sin”" (—};—sin 6°)}}
s =sin"' {n sinf6a + sin”" (-;!)— sin 6°)]}

where a = 0.573°.

These directions for each wavelength are given in Table 2.

Notc that the angle of reflection is a function of both the wedge cffect of the plate and its dispersion. The wedge effect is
independent of wavelength. The dispersion angle changes with wavelength because the index of refraction of the plate
changes with wavelength. If the wedge standards are used to calibrate a specular spectral reflectometer at different wave-
lengths, using heam 2 reflected ance from the second-surface aluminum coating, the dispersion effect may make it
necessary or desirable to shift the optical path slightly when changing wavelength. If spectrally total reflectance measure-
ments are made, there will be a slight spread (about 0.1° for beam 2, 0.2° for beam 3 and about 0.35° for beam 4) in the
reflected beam, due to the dispersion of the plate and a slightly larger detector may be required for spectrally total
measurements than for spectral measurements.

Because pratically all of the flux reflected from the wedge is contained in the first four beams, the total specular
reflectance, pr, can be approximated in terms of the reflectance of the first surface, py, the transmittance of the quartz
surface, 7 = 1-pj, and the reflectance of the aluminum surface, ps, as

2 22 2 2 3
p=pr+71 st T T pps TP s
Using the measured values of o and pj, the values of p2, p3, and ps can be calculated as
2
P2 = Tips
2 2
p3 = 71 prps
2 23
Ps = TIPLIPs
P Py
where ps = —————
i+ p1 (ppy)
The computed values tor p2, p3, and p4 are given in Table 3.

These equations were derived on the basis of two assumptions; (1) that there is no internal absorptance in the vitreous
quartz (there is some slight absorptance at 250 nm, but essentially none at 300 nm and above); and (2) that the values of
T1,pt and ps are independent of the direction of incidence over the range ot angles of incidence involved. 1nis 18
essentially true for angles of incidence of less than 15°. The computed reflectance for a material with index of refraction
of 1.5 is 0.040000 at normal incidence, 0.040002 at 6° incidence and 0.040081 at 15° incidence. The fractional error dueto
the assumption that the reflectance is independent of the angle of incidence is thus well within the uncertainty of the
measured values.
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Table 1

Total Specular Spectral Reflectance (Py), for 6 Incidence,
and First Surface Reflectance (f)) of Fused Quartz Plate

Mirror No, 107W

Wavelength
(nm) () (y)
250 0.869 0.0406
300 894 .0379
350 895 20364
400 .893 . 0355
450 .838 «0350
S00 .884 « 0347
550 .378 .0344
600 «874 .0342
632.8 .868 0342
650 .865 .0342
700 .853 .0339
750 835 .0338
800 «807 0337
850 800 .0335
900 «847 .0334
1000 .911 0333
1060 925 .0332
1100 .932 .0332
1200 »942 0330
1300 947 .0328
1500 952 .0325
1750 « 955 .0321
2000 « 935 .0317
2250 .25£ .0313
LIUV ® 797 tUS IV
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Wavelength
nm

250
300
350
400
450

500
550
600

6328
650

700
750
300
850
900

1000
1060
1100
1200
1300

1500
1750
2000
2250
2500

Index of
Refraction

1.5047
1.4834
1.4715
1.4643
1.4603

1.4578
1.4554
1.4538
1.4538
1.4538

1.4513
1.4505
1.4497
1.4481
1.4473

1.4464
1.4456
1.4456
1.4440
1.4423

1.4399
1.4365
1.4322
1.4299
1.4274

TABLE 2

Index of Refraction, n, of Cover Plate and Direction,
in Degree from Normal, of First Four Reflected Beams

(These Values Are Not Certified)

7
deg.

6.000
6.000
6.000
6.000
6.000

6.000
6.000
6.000
6.000
6.000
6.060
6.000
6.000
6.000
6.000

6.000
6.000
6.000
6.000
6.000

6.000
6.000
6.000
6.000
6.000

28

92
deg.

7.731
7.707
7.693
7.684
7.6380

7.677
7.674
7.672
7.672
7.672

7.669
7.668
7.668
7.666
7.665

7.664
7.663
7.663
7.661
7.659

7.656
7.652
7.648
7.645
7.642

deg.

9.466
9.417
9.389
9.372
9.363

9.357
9.352
9.348
9.348
9.348

9.342
9.340
9.338
9.335
9.333

9.331
9.329
9.329
9.325
9.321

9.316
9.308
9.300
9.292
9.287

04
deg.

11.207
11.132
11.090
11.065
11.051

11.042
11.034
11.028
11.028
11.028

11.019
11.017
11.014
11.008
11.005

11.002
10.999
10.999
10.9%94
10.988

10.979
10.968
10.956
10.944
10.935



Table 3
Reflectances £, f3, and €4
Reflected by the Wedge Mirrors, Computed from the Measured First
Surface Reflectance of the Plate and the Total Specular Spectral

Reflectance for a Collimated Beam Incident at -6°

(THESE VALUES ARE NCT CERTIFIED)

M; N 1’,
Wavelength

(nm) (Fb) (P3) (P4)

250 0.7992 - 0.0282 0.0010
300 .8271 .0280 .0009
330 .8306 0270 .0009
400 .8303 .0263 .0008
430 <8265 .0257 .0008
500 .8233 .0252 .0008
550 .8181 .0247 .0007
600 .8147 .0243 .0007
632.8 .8091 .0240 .0007
650 . 8062 .0238 .0007
700 . 7954 .0230 .0007
750 . 7786 .0219 . 0006
800 $ 7523 .0204 .0006
850 . 7460 .0200 .0005
900 « 7906 .0223 +0006
1000 .8511 .0258 .0008
1060 .8644 L0265 .0008
1100 .8710 .0269 .0008
1200 . 8807 .0274 .0009
1300 -88588 .027% .0000
1500 .8911 .0276 .0009
1750 +8946 .0274 .0008
2000 .8954 .0271 .0008
2250 .8923 .0266 .0008
2500 .8911 .0262 .0008
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